The distribution of napin and crucifenn, the two major storage proteins in rape seed, Brassica napus, has been visualized during seed development by antibody staining of paraffin-embedded and sectioned seeds. The results indicate that the synthesis of both proteins during embryogenesis is strictly regulated with respect to time and tissue. Although the synthesis of napin started a few days earlier than that of cruciferin, both proteins displayed similar pattems in their spatial distributions. They were first detected in the axis, then in the outer cotyledon, and finally in the cells of the inner cotyledon. Both proteins are also present in the endosperm, although in lower amounts. In germinating seeds, napin and crucifenn were rapidly degraded. Within 2 days the amounts had decreased dramatically, and after 4 days hardly 3 Abbreviation: DAP, days after pollination. 509 www.plantphysiol.org on February 1, 2020 -Published by Downloaded from
any cells contained napin or cruciferin. Biochemical analyses of dissected embryos showed that, for napin as well as for cruciferin, similar levels of polypeptides were found in the axis and cotyledons.
The two major types of storage proteins in rape seed (Brassica napus) are the 2S albumin, napin, and the 12S globulin, cruciferin (4, 8, 13, 17) . They constitute 20 and 60%, respectively, of the total protein in mature seeds. Like other storage proteins, their synthesis occurs during the expansion phase of embryo development. Both are synthesized as precursor forms on membrane-bound ribosomes and transported from the endoplasmic reticulum via the Golgi apparatus to the vacuole. Protein bodies are formed from the vacuole, and within these the final processing of the precursors occurs, resulting in the accumulation of mature napin and cruciferin (7, 19 ; for a review see ref. 1) . During germination the storage proteins are rapidly degraded to be utilized as nitrogen and carbon sources for synthesis of new components in the growing seedling.
Studies of the expression of storage protein genes in other species, using in situ hybridization and run-off transcription techniques, have shown that their transcription is precisely controlled with respect to both time and tissue in the developing seed (9) .
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2 Present address: Department of Pathology, University of Uppsala, Akademiska sjukhuset, 751 85 Uppsala, Sweden. during embryo development and seed germination have been determined (3, 14) . Both proteins start to accumulate in the embryo from the initiation of the expansion phase at approximately 24 to 28 DAP,3 although napin apparently can be detected a few days earlier than cruciferin. Their accumulation continues to increase until approximately 40 DAP, after which the napin synthesis levels off and the synthesis of cruciferin continues for another 7 d before declining during final desiccation of the seed. Within 3 to 4 d of germination, both proteins are rapidly degraded. The localization of napin and cruciferin in the cotyledon has been demonstrated by immunoelectron microscopy of cells at varying stages of maturation (14) . These studies showed that the proteins were deposited in the central vacuoles and suggested that they were present in all types of protein bodies at all stages of seed development in equimolar amounts.
In this paper, we report the temporal and spatial patterns of napin and cruciferin accumulation in the developing seed as visualized by an immunohistochemical technique. A comparison of napin and cruciferin levels in the axis and cotyledons is also presented.
MATERIALS AND METHODS

Plant Material
The amphidiploid line K 20516 of the oil seed rape (Brassica napus) var Svalofs Karat (Svalof AB, Svalov, Sweden), was used in this study. Plants were grown in a greenhouse, and seeds were collected at regular intervals during seed development. Mature seeds were germinated at 25°C in the dark for 2 to 4 d in a constant environment cabinet (Fitotron 600H, Fisons Environmental Equipment, Louborough, U.K.).
Antibodies
The rabbit polyclonal antisera K449 and K452 against rape seed napin and cruciferin have been described (8, 18) . K449 reacts with the napin large chain and K452 with cruciferin achains of all types of subunits. The mouse monoclonal antibody 3D7 against rape seed myrosinase has been described (12) . Whole seeds were fixed in 4% (v/v) formaldehyde in PBS for 2 h to 7 d at 40C. The seeds were dehydrated in a graded series of alcohol solutions followed by a xylene incubation before infiltration and embedding in histowax (tissue-embedding medium, pellet melting point 56-58°C; Histolab, Gothenburg, Sweden). Sections (4 mm thick) were cut with a Reichert microtome (Nussloch, F.R.G.) and placed on chromogelatin-coated microscope slides. Before the sections were stained, they were deparaffinized in xylene followed by rehydration in decreasing concentrations of ethanol, distilled water, and finally PBS, after which they were treated with 0.3% H202 in PBS for 20 min. To prevent unspecific binding of the antibodies, the sections were incubated in normal goat serum diluted 1:10 in PBS containing 4% (w/v) BSA for 15 min. Detection of napin was performed by a 1-h incubation at room temperature with the polyclonal antibody K449, diluted 1:400 in PBS with 4% (w/v) BSA followed by swine anti-rabbit IgG antiserum diluted 1:40 (Dakopatts, Copenhagen, Denmark) in PBS containing 4% (w/v) BSA for 30 min. Finally, the sections were incubated for 30 min with a complex of horseradish peroxidase and rabbit anti-peroxidase antibodies diluted 1:250 in PBS with 4% (w/v) BSA followed by development for 15 min in 0.8 mM 3-amino-9-ethyl carbazole, 11 % DMSO, 0.02 M sodium acetate (pH 5.0) to which 30% H202 was added to a final concentration of 0.005% (v/ v). For detection ofcruciferin, the polyclonal antiserum K452, diluted 1:1200 in PBS with 4% (w/v) BSA, was used as the primary antibody, and the ensuing procedure was as described above for detection of napin. Staining of myrosin cells was performed with the mouse monoclonal antibody 3D7 directed against myrosinase as described previously (10) . For counterstaining, Mayers hematoxylin was used followed by a 10-min rinse in tap water. Specimens were mounted in glycine-gelatin, and micrographs were taken in a Nikon Optiphot. In these experiments, the staining technique was standardized to reveal a quantitative view of the amounts of protein present.
SDS-PAGE of Protein Extracts
Axes and cotyledons were dissected separately from mature B. napus seeds. The material from approximately 50 seeds was homogenized in 300 ,uL extraction buffer (50 mM Tris-HCI [pH 7.5], 0.5 M NaCl, 1 mM PMSF), and the proteins were extracted for 1 h at 4°C. The extracts were subsequently centrifuged for 20 min at 15,000 rpm. The protein concentration of the supernatant was determined using the protein assay from Bio-Rad (Bio-Rad, Munich, F.R.G.) according to the instructions of the manufacturer. Total seed proteins were extracted from homogenized whole seeds as described above. Equal amounts of protein (10 ,ug) were applied on a 10 to 20% gradient SDS-polyacrylamide gel (6) , and after electrophoresis the gel was stained with Coomassie brilliant blue.
RESULTS
We examined the spatial pattern of storage protein accumulation during rape seed maturation. Seeds collected at different stages of maturation were sectioned and used for immunolabeling. When sections were stained with antibodies directed against napin, only those from seeds 20 DAP and older were labeled, suggesting that the synthesis of napin is initiated at this stage (Fig. 1, a and b ). Faint staining could be detected initially at the tip of the axis, and the stained area expanded toward the shoot meristem region by 25 DAP. The staining was seen in all types of cells of the axis, including the provascular and meristematic cells. The staining also increased in intensity, reflecting an increasing concentration of napin in the axis as a whole during this period. In addition, the staining of the outer cotyledon increased in intensity, and the inner cotyledon remained more faint (Fig. lc) . For both cotyledons, the staining first appeared at their bases and then spread upward. The diffuse distribution of napin in the cells suggests that protein bodies were still too small or sparsely loaded to be detected as discrete entities at this stage (Fig. If ). During the following 5 d, successive expansion of napinstaining areas into the remaining parts of the embryo as well as the endosperm was revealed (Fig. ld) . Simultaneously with this process, the napin concentration seemed to increase continuously until reaching a maximum between 30 and 35 DAP, after which it remained stable (within the limits of this technique). In contrast to this, the mature desiccated embryo showed a more uneven staining pattern. Reduced staining was seen in the major parts of the embryo, whereas the endothelial cell layer in the cotyledons remained intensely stained (Fig. le) . The reduced staining observed in internal parts ofthe embryo may have been due to a lower accessibility for the antibodies to the tightly packed protein in the protein bodies ( Fig. lg) . Incubation of rape seed sections with the preimmune serum did not give rise to any staining (Fig. h) . Likewise, staining of rape seed sections with the anti-napin serum after it had been preincubated with an excess ofpurified napin was negative (data not shown).
Cruciferin started to accumulate in the developing seed a few days later than napin with the first observation at approximately 25 DAP (Fig. 2, a-c) . Like napin, cruciferin appeared initially in the axis. However, it was not present in the provascular tissue at this early stage. At approximately 30 DAP, the concentration of cruciferin increased, and at this stage it was also detected in the outer cotyledon and the endosperm (Fig. 2d) . At 35 DAP, it was found also in the inner cotyledon ( Fig. 2e ). Occasionally at this stage, protein bodies containing cruciferin were observed in the provascular cells. The synthesis of cruciferin in the embryo thus showed the same spatial pattern as was seen for napin. Seeds older than 35 DAP did not show an increased staining intensity. Rather, the mature embryo displayed a pattern similar to that observed for napin ( Fig. le) , with weak staining in the main part of the embryo and a rim of intensely stained endothelial cells surrounding the cotyledons. The preimmune serum did not stain the rape seed embryos (Fig. 2f ). Furthermore, absorption ofthe anti-cruciferin serum with an excess ofpurified cruciferin completely removed its reactivity with the rape seed embryos (data not shown).
When scrutinizing sections of seeds derived from the later stages of embryo development, which stained intensely for napin and cruciferin, we found a small number of cells in which these proteins were absent or present in very low amounts. These cells were found in both the axis and the cotyledons. Their morphology and low number indicated that they might be myrosin cells (10, 21) . Staining of consecutive sections with anti-myrosinase antibodies or anti-cruciferin antibodies verified that these cells contained myrosinase and that they did not display cruciferin in detectable amounts (cf Fig. 3, a and b) , whereas for napin, faint staining was seen (data not shown).
In sections ofseeds germinated for 2 d, many protein bodies were seen to be disintegrated, and the vacuoles had started to reform. In addition, differentiation of the provascular tissue had started and many cells, in both the axis and the cotyledons, had changed their morphology. The cells in the axis showed a diffuse staining for napin, and it was no longer possible to see distinct protein bodies. In the cotyledons, a fraction of cells still stained for napin, and occasionally, protein bodies were discerned preferentially in the endothelial cell layer (Fig. 4a ). The most rapid degradation of the storage proteins appeared to take place at the tip of the axis, where the root meristem was localized, and after 4 d ofgermination, the axis did not show any staining. The cotyledons occasionally showed some diffuse staining, but no discrete protein bodies were observed (Fig. 4b) . A pattern similar to that observed for napin was also seen when embryos were stained for cruciferin (data not shown).
To investigate whether there were any quantitative differences in the expression of napin and cruciferin in different parts of the embryo, extracts of dissected cotyledons and axes from mature rape seeds were analyzed for their protein content using SDS-PAGE (Fig. 5) . The results showed that all of the a-and ,B-chains of cruciferin were present in approximately equal amounts in axis and cotyledons. Also, for the heavy and light chains of napin, the distribution between axes and cotyledons seemed to be the same.
DISCUSSION
The synthesis of napin commenced approximately 20 DAP, whereas cruciferin first was detected a few days later. These results are in good agreement with earlier studies in which the amounts of napin and cruciferin were estimated by different immunological and biochemical techniques (3, 14) and with experiments in which napin and cruciferin mRNA accumulation and transcriptional activity of the corresponding genes were determined during embryogenesis (5, 16) .
Although napin and cruciferin synthesis was initiated at different times, the patterns of expression were very similar. The proteins started to accumulate at the outermost tip of the axis, and the accumulation continued through the axis to the base of the outer cotyledon and further toward its tip. Within a few days, the inner cotyledon and the endosperm displayed the proteins. Interestingly, a similar pattern of expression initiated in the axis and continuing into the cotyledons was found by in situ hybridization for the Kunitz trypsin inhibitor KTi3 in soybean, although this protein was already detectable at the globular stage of embryo development (I15). However, the homologous genes KTilI and KTi2 seemed to be almost exclusively expressed in the cotyledons. Use of the in situ technique also revealed that mRNAs for the Kunitz trypsin .. V3 ,-.
inhibitor and for the 7S soybean storage protein, f3-conglycinin, accumulated in a wave-like manner from the outer perimeter of the cotyledons inward (15) . No signs of this "-~~~~~~~~~~~~~~r'I'.ci ' e * or Ci~e n pattern of accumulation were found for the proteins napin and cruciferin. It is not known whether this difference reflects the different techniques used or the different plant species Figure 4 .Dgaain fnpndrigse emnaina eeae yimnstudied. Further experiments using in situ hybridization of germinated frdatftax(AateRNA from cruciferin and napin in rape seed will provide nase more details about the expression of the respective proteins.
Biochemical studies have shown differences in the amounts 
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of phytohemagglutinin, 3-conglycinin, and glycinin in different parts of the embryo (2, 11, 20) . For both phytohemagglutinin and ,B-conglycinin, lower amounts ofthese proteins were detected in the axis. This was found to be due to a lower expression in the axes than in the cotyledons and, for f3conglycinin, partly because of less protein stability (2, 11) . Furthermore, in soybean, the protein bodies in the axis have been reported to be less densely packed than those in the cotyledons as revealed by transmission EM (11) . For rape seed, we have not been able to detect such differences in densities of the protein bodies (data not shown). During germination of soybean, the storage proteins in the axis were degraded more rapidly than those in the cotyledons (1 1). This was also seen in the present study. However, analysis of protein extracts of dissected axes and cotyledons from mature rape seeds revealed that chains from all three gene subfamilies of cruciferin (16) were present in equal amounts in the axis and cotyledons. For napin, the amounts of heavy and light chains were the same in the axis and cotyledons.
Napin and cruciferin were found to be present in the endosperm and in virtually all cells of the embryo except for the myrosin cells which might contain a very low amount of napin but no cruciferin. However, the concentration of cruciferin was found to be considerably less in the procambium than in the ground meristem. Thus, in addition to the difference in temporal regulation, there also seems to be a slight difference in tissue specificity between napin and cruciferin genes. Studies of the promoter sequences of the genes and their corresponding transcriptional factors are therefore likely to reveal the molecular nature of the fine tuning of rape seed storage protein gene expression.
